Abstract: This paper reports the structural characterization of sodium azide and sodium bifluoride (hydrogenfluoride) at elevated pressures using neutron powder diffraction. Compression of sodium azide at 294 K induces a transition from the β-phase to the α-phase. This structure responds to increasing pressure by progressive tilting of the azide groups. Compression of the α-form to 3.33 GPa at 393 K results in a phase transition to the tetragonal γ-phase (space group I4/mcm), which is isostructural with the azides of the heavier Group 1 elements and features square-antiprism co-ordination of the cations. On decompression at ambient temperature, the γ-phase reverts to the α-phase, but with substantial peak broadening indicative of significant strain within the recovered sample. Compression of sodium bifluoride (NaDF 2 -I to 0.66 GPa at ambient temperature resulted in the formation of NaDF 2 -II, which adopts an orthorhombic, marcasite-like (space group Pnnm) structure. Further compression to 4.58 GPa resulted in a transition to NaDF 2 -III, which adopts the archetypal I4/mcm structure shared by the heavier alkali metal bifluorides and γ-NaN 3 .
Introduction
Ionic crystals with spherical cations and rod-like anions, for example the azides (N À 3 ), bifluorides (HF À 2 ) and thiocyanates (SCN À ) of the alkali metals, are of significant interest to both experimental structural scientists and theoreticians. The relative simplicity of their crystal structures at ambient conditions (they are related to either of the NaCl or CsCl prototypical structures) means that experimental results are reasonably straightforward to interpret. Furthermore, these simple systems are prime candidates for theoretical studies examining electronic, vibrational and elastic properties and for modelling highenergy processes, such as explosive decomposition [1] [2] [3] . This is especially true for the metal azides, which have been widely used as gas generators on account of their rapid decomposition to produce large amounts of N 2 (g). Sodium azide, for example, has been used in automotive air-bags [4] . Despite this structural simplicity at ambient temperature and pressure, these compounds exhibit remarkable polymorphism under non-ambient conditions. Indeed the structural variety displayed by the Group 1 azides, bifluorides and thiocyanates has inspired a prodigious body of work exploring their pressure/temperature phase diagrams using practically every available analytical technique from microscopy to diffraction and from spectroscopy to calorimetry; the majority of this work has been comprehensively reviewed by Fuith [5] and Schranz [6] . Nevertheless, numerous phases that are formed at elevated pressures have yet to be structurally characterized. In this context we present the structure determination of γ-NaN 3 , a form obtained at elevated temperatures and pressures, and the re-determination of two highpressure phases of sodium bifluoride obtained by compression (to 0.6 and 4.3 GPa, respectively) at ambient temperature.
first determined by X-ray powder diffraction on samples cooled from the β-form [9] . The X-ray powder diffraction patterns led the authors to propose a displacive model for the β ! α transition in which the layers of sodium atoms are sheared perpendicular to the b-axis and the azide ions are tilted away from the original body diagonal (see Fig. 1 ). The structure of the α-form was later confirmed by a combination of X-ray single-crystal and powder diffraction [12] .
The β ! α phase transition in sodium azide (observed at a transition temperature, T c , between 286 and 295 K) [13] has been studied by numerous analytical techniques in order to establish its true nature, i.e. is it weakly first order or a continuous second-order phase transition? The apparent second-order behaviour was initially described using an order-disorder model [9, 14, 15] . It was also observed that degenerate Raman modes split [13, 16] , indicating a group-subgroup relationship between the symmetries of the two phases. Choi and Prince proposed a disordered model of the high-temperature phase on the basis of their neutron diffraction experiments [10] .
Heat capacity measurements were unfortunately ambiguous: any discontinuities or thermal hysteresis loops were too small for the authors to be confident in excluding experimental error [17, 18] . Furthermore the results were significantly dependent on sample preparation -inhomogeneous strain within the sample gave rise to smearing of the specific heat anomaly, which could be mistaken for a continuous transition [18] . Midorikawa et al., however, were able to observe by polarizing microscopy a distinct phase front between two phase domains in a single crystal of sodium azide [19] . At the same time, Hirotsu's study of the birefringence of a single crystal also gave clear evidence for a first order transition [20] . These contemporaneous results had a significant impact on opinion in the literature -subsequent observations have been contextualised using models that emphasise the displacive nature of the transition [21] [22] [23] [24] Careful measurements of the unit cell parameters and symmetry-breaking shear strains as a function of temperature between 12 and 295 K confirmed that the transition involves a coupling of the canting of the azide anion (order-disorder) with the shearing of the sodium layers (displacive) [12] . This is illustrated in Fig. 1 . As a final corroboration the authors reported a small discontinuity in their measurements at 292.2 K that led them to conclude that this was the exact transition temperature, that the phase transition is ferroelastic, and that it is weakly first order.
In addition to the considerable interest in the structural modifications of sodium azide within a few degrees of room temperature, there have been diffraction and spectroscopic studies undertaken at high temperatures and/or high pressure. No phase transitions from the β-form were observed on heating NaN 3 to its decomposition point (548 K) at atmospheric pressure [25] . Increasing pressure at ambient temperature, however, seems to parallel the effect of cooling at ambient pressure. Bradley et al. first observed a splitting in their X-ray powder diffraction patterns upon increasing pressure to 0.25 GPa [26] . Although structure determination was not possible in this case, the authors noted the similarity with the β ! α transition on cooling and proposed that a similar (a) in addition to the rhombohedral unit cell, a monoclinic structure may be selected for β-NaN 3 . Upon the β ! α transition, the azide anions undergo a slight rotation and the cation layers are sheared. The monoclinic structure of α-NaN 3 is shown in (b).
transition could occur on compression. In their pioneering work on the compressibility of energetic materials, Weir et al. were able to apply the 'new' diamond-anvil cell technology to carry out single-crystal X-ray diffraction studies on NaN 3 [27] . They obtained a monoclinic for unit cell for sodium azide at +1.0 GPa, which was consistent with the low-temperature α-form.
Comparison of Raman spectra collected for the highpressure form with those for the low-temperature α-form also confirmed that they were indeed the same phase [24] . Furthermore, it was possible to plot the linear pressure/temperature dependence of the β/α phase line between 0-0.3 GPa and 253-373 K. The pressure range for spectroscopic studies was later extended to 4.0 GPa by Christoe and Iqbal, who noted that the β ! α transition occurs at 0.07 GPa and that, once formed, the α-form remains stable to the highest pressures studied [28] . More recently neutron powder diffraction has been used to observe the structural response of α-NaN 3 to compression (up to a maximum pressure of 1.2 GPa). Rietveld refinement of data collected at 0.5 GPa shows that compression involves both a distortion of the unit cell and a tilt of the linear anions in the monoclinic plane [29] . Very recently, sodium azide has been investigated by in situ synchrotron X-ray diffraction measurements in a diamond anvil cell up to 52.0 GPa at room temperature three different pressure transmitting media [30] . Three pressure-induced phase transitions were observed at pressures of 0.3, 17.3, and 28.7 GPa. The transition at 0.3 GPa was characterized as the β ! α transition and an equation of state for the α-phase was reported. On the basis of the diffraction patterns collected for the second high-pressure phase, the authors suggest that this has a lower symmetry than that of the α-phase [30] .
The combined effects of elevated temperatures and pressures, however, are sufficient to drive sodium azide into another distinct phase, referred to in the literature as both γ-NaN 3 and NaN 3 -III. A volume discontinuity was observed during compression of the β-form at +357 K (between 2.6 and 3.0 GPa) [31] . This β ! γ transition is reported to be quite sluggish, but proceeded much more quickly when compression was performed at 373 K. It was also possible to observe a transition from the α-form to the γ-form at 333 K and 2.8 GPa, but this transition was so sluggish at lower temperatures that it became 'virtually unobservable'.
High-pressure techniques have recently been proposed for the production of polynitrogen species using sodium azide as the precursor. Such species are to be regarded as 'high-energy density materials' that would be expected to burn rapidly with the release of environmentally clean by-products. Peiris et al. have reported evidence for the formation of N À 7 species upon photolysis (λ ¼ 514 nm) of a polycrystalline sample of NaN 3 at ca. 5.0 GPa [32] . Eremets et al., however, noted that the application of pressure alone was sufficient to create a phase composed of clusters of nitrogen atoms (P > 19 GPa) and a disordered non-molecular phase (50-120 GPa), although these phase transitions could be accelerated by the application of shear stress or by laser heating [33] .
Before the high-pressure synthesis of polynitrogen species can be explored further, however, we feel it is essential that the behaviour of sodium azide under extreme conditions is fully understood. Principally, this requires the structure solution of γ-NaN 3 as well as a critical assessment of the ambient-temperature compression behaviour, which will be of significant interest to theoreticians who seek to develop predictive models of these important materials at high pressures. For these reasons, two neutron powder diffraction studies were performed in this work -the compression of α-NaN 3 to 6.0 GPa and the high-pressure, high-temperature study of the γ-form.
Sodium bifluoride, NaHF 2
For the alkali metal bifluorides (also referred to as metal hydrogenfluorides or acid fluorides), a wealth of experimental and theoretical analyses exists examining the strong hydrogen bonding within the HF À 2 anion. The H…F bond is amongst the strongest H-bonds known and is of the same order as many covalent bonds [34] [35] [36] . Moreover, it is the only hydrogen bond in which the proton is located essentially symmetrically between the two fluoride nuclei [37] [38] [39] [40] [41] [42] , although it has since been shown that it may adopt an asymmetric configuration in structures that possess sufficient electronic and crystal asymmetry to distort the HF À 2 anion from the ideal symmetric configuration, such as in p-toluidinium bifluoride [43] .
Like its azide analogue, sodium bifluoride adopts a rhombohedral (R 3m) crystal structure at ambient temperature and pressure [44] [45] [46] [47] . However, unlike NaN 3 it does not undergo any temperature-induced phase transitions at atmospheric pressure and therefore no structural analogue of α-NaN 3 exists for NaHF 2 [48, 49] . Furthermore, the high-pressure behaviour of sodium bifluoride has been shown to display very little in common with that of sodium azide. While the α ! β transition in NaN 3 was observed at 0.25 GPa by Bradley et al., compression of NaHF 2 (in the same study) resulted in a phase transition to a reported orthorhombic phase at 0.85 GPa [26] . However, subsequent examination of the high-pressure polymorphism suggested not only that this transition pressure was erroneously high (a volume discontinuity was observed at 0.39 GPa), but also that the proposed orthorhombic unit cell for NaHF 2 -II would result in an unacceptably large volume contraction [31] . In fact, on the basis of their volumetric measurements Pistorius and Campbell-White state that it is 'reasonable to assume that NaHF 2 -II and NaN 3 -III (sic) are isostructural… (and) cannot have the tetragonal KN 3 structure'.
The assertion that NaHF 2 -II does not adopt the I4/ mcm structure of the larger alkali metal bifluorides was supported by comparison of the IR spectra obtained for this phase with those for KHF 2 [50] . Furthermore, significant changes in the vibrational spectra obtained during compression to ca. 4.0 GPa suggested a further highpressure phase transition occurs at this pressure. The authors of this study noted that the IR spectrum of this new phase, NaHF 2 -III, is unlike that of KHF 2 but cautioned that the spectrum obtained may be complicated by the presence of some residual NaHF 2 -II.
Most recently, the high-pressure behaviour (to a maximum pressure of 9.5 GPa) of NaHF 2 has been investigated by Raman spectroscopy and energy-dispersive Xray diffraction [51] . The splitting of the symmetric F-H-F stretching band into two bands was indicative of a phase transition to a structure with Z 0 $ 2 at 0.5 GPa. The authors also reported changes in the Raman spectra at ca. 4.1 GPa that substantiate the presence of a II/III transition in this pressure regime. Despite considerable overlap in the pressure domains of the three phases, the authors proposed a unit cell for NaHF 2 that bore no resemblance to that put forward by Bradley et al. [26] , although they noted that it is consistent with the previously observed X-ray diffraction intensities. Instead, Christy et al. proposed a monoclinic (P2/m) structure for NaHF 2 , despite this implying a volume contraction almost twice that calculated by Pistorius [31] -In this respect, the authors reasoned that the start and end points of this sluggish transition were not determined sufficiently accurately in the former study. Furthermore, the relatively few diffraction peaks that were observed for NaHF 2 -III were indexed to a tetragonal unit cell that is related to the ideal I4/mcm structure of KHF 2 . However, the presence of 'superlattice peaks' implied a doubling of the unit cell and instead they proposed a space group of P4/ncc. Furthermore, they suggested that the bifluoride anions undergo rotations about the c-axis and out of the ab-plane, resulting in an almost eclipsed arrangement (when viewed down the c-axis, see Fig. 2 ).
We have concerns about some of the conclusions drawn by Christy et al. [51] , since they used Nujol as a quasi-hydrostatic pressure-transmitting medium. Paraffin oils such as Nujol have a hydrostatic limit of less than 1.0 GPa [52] , so the samples are likely to have been under significant deviatoric stress. This has important implications since the inhomogeneous strain in the sample under these conditions may result in phase transitions being suppressed (or promoted) and anisotropic distortion of the unit cell. The observation that NaHF 2 -I persisted upon compression to 1.8 GPa, over 1.0 GPa beyond the transition pressure reported by previous studies, suggests that the effects of non-hydrostaticity in this case are significant. We believe that this warrants a closer examination under more hydrostatic conditions, in order to re-determine the structure of NaHF 2 -II and the I/II transition pressure. Furthermore we believe that the structure determination of NaHF 2 -III requires re-examination, since the rationale for the selection of the space group P4/ncc is perhaps open to question on account of the low resolution energydispersive X-ray diffraction data. More importantly though, we believe that the structure suggested by Christy et al. results in an unlikely configuration of the ions. Although this arrangement results in strong Na … F interactions (ca. 1.99 Å), the repulsive F … F interactions also shorten dramatically. In the light of this analysis, we reasoned that the high-pressure behaviour of sodium bifluoride merited further study using neutron powder diffraction (under more hydrostatic conditions). Compression of NaDF 2 was therefore performed, using perdeuterated methanol : ethanol (in a 4 : 1 ratio) as the pressure-transmitting medium [52] to a maximum pressure of 7.35 GPa.
Experimental Materials
Polycrystalline samples of NaN 3 (99.5%) were purchased from Sigma-Aldrich and used as received. Sodium fluoride (99.9%, Fischer Scientific) was dissolved in hot aqueous hydrofluoric acid. Sodium bifluoride (NaHF 2 ) crystallized upon cooling, which was then recrystallized from D 2 O to produce the deuterated polycrystalline sample (NaDF 2 ) suitable for neutron diffraction studies.
High-pressure neutron powder diffraction
High-pressure neutron powder diffraction data were collected using the PEARL diffractometer at the UK spallation neutron source, ISIS, at the STFC Rutherford Appleton Laboratory. Polycrystalline samples of each compound under investigation (NaN 3 and NaDF 2 ) were loaded, in turn, into a standard profile null-scattering Ti-Zr alloy capsule gasket [53] with perdeuterated methanol : ethanol (4 : 1) as pressure-transmitting medium and Pb as pressure calibrant [54] . The capsule assembly was then compressed with a type V3b Paris-Edinburgh (P-E) press equipped with standard single toroid anvils with cemented WC/Ni binder cores [55] . The P-E press ram pressure was monitored and varied by means of a computer-controlled hydraulic system.
Time-of-flight (ToF) neutron powder diffraction data were collected using the 2θ ¼ 90°detectors with a transverse (through-anvil) scattering geometry. The resulting summed pattern was then normalised with respect to the incident beam monitor and the scattering from a standard vanadium calibration sample. Lastly, the diffraction pattern intensity scale was corrected for the wavelength and scattering-angle dependence of the neutron attenuation by the anvil (WC) and gasket (TiZr) materials. Fullprofile Rietveld refinements of the ToF neutron powder diffraction patterns were carried out using the GSAS package [56] .
High-pressure/high-temperature neutron powder diffraction
In addition to the ambient-temperature compression experiment described above, NaN 3 was investigated at high pressure and high temperature at the PEARL/HiPr beamline (ISIS). In this case, a Paris-Edinburgh V4 cell was equipped with a variable temperature insert to allow rapid heating and cooling in situ [57] . Perdeuterated methanol : ethanol (4 : 1) was used as the pressure-transmitting medium and pressures were calibrated to an internal Pb standard. Data were collected and processed using the procedure outlined above.
Results

Sodium azide
High-pressure, ambient-temperature neutron diffraction study Owing to the low temperature (290 K) in the experimental hutch, the sample, which may have been in the β-form when loaded, gave a diffraction pattern corresponding to the α-form even at ambient pressure. It was possible to refine all of the diffraction patterns collected up to the maximum pressure studied (6.06 GPa) using the α-form, indicating that α-NaN 3 does not undergo a phase transition in this pressure and temperature regime. A multiplot of all of the diffraction patterns collected during compression is shown in Fig. 3 , while the unit-cell parameters for α-NaN 3 at each pressure are tabulated in Table 1 and plotted in Fig. 4 .
The relative compression of the unit cell axes highlights that the b-axis is significantly less compressible than either of the other two, which is consistent with previous compressibility measurements [27] . The greater compressibility of the a-axis is perhaps to be expectedthis is the direction perpendicular to layers made up of alternating Na þ and N À 3 ions (see Fig. 5 ). In the case of the c-axis, however, its contraction is accompanied by the large reduction in the β-angle (from 111.5°to 100.8°o ver 6.0 GPa) as previously reported [30] . Examination of the crystal structure allows one to rationalise the concerted contraction of the c-axis and the monoclinic angle in terms of a rotation of the azide ions within the acplane. Comparison of the structure determined at 5.66 GPa with the ambient-pressure structure (during the same experiment) shows that the azide ion is becoming more oblique to the c-axis, allowing the Na þ cations to pack more closely (see Fig. 5 ). This compression mechanism is in agreement with that observed by Knorr and Depmeier over a much narrower pressure range (to 1.2 GPa) [29] and by Zhu et al. up to 11.0 GPa [30] . Moreover, the rotation of the azide within the monoclinic plane can be represented graphically by plotting the variation in the angles created between the linear anion and the unit cell a-and c-axes throughout the compression. Figure 6 shows that this rotation does not display a linear dependence on pressure, but seems to approach a limit at the maximum pressure studied (6.06 GPa). An interesting aspect of the compression of the b-axis is that it initially undergoes a small, but significant, expansion before undergoing an almost linear contraction with pressure. The exact reason for this is still unclear, although it is likely that the rotation of the anions may result from or result in this small pressure-induced expansion.
Finally, a 3 rd -order Birch-Murnaghan equation of state [58] has been fitted to the isothermal compression of the unit cell volume over the pressure range 0-6.06 GPa. Using Angel's program EoSFIT [59] , final values of the refined parameters were: (5)) [60] and is comparable, but slightly more compressible, than the alkali halides [61, 62] . Tab. 1: Variation in the unit cell parameters of α-NaN 3 with pressure. High-pressure, high-temperature study
In addition to characterizing the high-pressure behaviour of NaN 3 at ambient temperature, the previous observation of a third form of sodium azide at elevated temperatures and pressures motivated further study. As in the previous study, a sample of β-NaN 3 was loaded into the sample capsule in the Paris-Edinburgh press, but this time it was possible to characterize the pressure-induced β ! α phase transition by performing the initial compression at 294 K. The β-form had transformed to the monoclinic α-form by 0.70 GPa. The α-form was then compressed (at 294 K) to 1.91 GPa before warming and pressurising alternately (see Fig. 7 ) in order to reach the pressure-temperature regime in which Pistorius observed the γ-form (2.8 GPa at 333 K) [31] . In accordance with the reported sluggishness of this transition, no changes in the diffraction pattern were observed during this data collection (+0.5 hr).
As the rate of the α ! γ transition was reported to increase at higher temperatures, the sample was slowly warmed to 393 K at constant load, but still no changes in the diffraction patterns were evident over the course of 6 hours. Pattern refinements revealed that the act of heating the sample resulted in an increase in sample pressure from 2.77 GPa to 3.20 GPa, caused by the temperature-induced expansion of the pressure-transmitting medium. If the equilibrium α-γ transformation line has a positive slope, increasing pressure should promote the transformation to the γ-form, but increasing temperature should retard this transformation (the γ-form is a low-temperature form relative to the α-form).
Increasing the applied load to 40 tns at 393 K (sample pressure 3.22 GPa) resulted in the appearance of weak peaks (+2.32 and +2.42 Å), which could not be attributed to the α-form. It was only upon further compression to 3.33 GPa, however, that a pure sample of the γ-form was observed, highlighting the significant kinetic barrier to this transition. The quality of the diffraction pattern collected at 3.33 GPa/393 K was such that it was possible to determine the space group as I4/mcm [63] . This is the same space group adopted by the azides of the larger alkali metals and full-profile Rietveld refinement was possible using atomic co-ordinates based on the tetragonal structure of CsN 3 -II [64] . The quality of the Rietveld refinement for the γ-form is shown in Fig. 8 .
In the tetragonal structure of γ-NaN 3 , the azide anions and sodium cations are organised into alternating layers perpendicular to the c-axis. Within the layers, the azide ions are oriented normal to their nearest neighbours, resulting in the favourable interaction between the electronegative termini and electropositive central Natom. This geometry gives rise to the square-antiprism coordination environment, formed by the terminal N-atoms of eight azide anions round one Na þ , rather than the very-slightly-distorted octahedral environment observed in the monoclinic form. The most significant change over the α ! γ transition, however, is in the distances separating neighbouring cation layers. In α-NaN 3 at 3.22 GPa, each cation is surrounded by six others within the same plane (at distances of either 3.54 or 3.44 Å) and an additional two positioned directly above and below in the neighbouring layers (5.07 Å). In the tetragonal γ-form at 3.30 GPa the (slight) lengthening of the intraplanar distances between neighbouring cations (to 3.60 Å) is accompanied by a dramatic decrease in the interplanar separation (to 3.01 Å). This is highlighted in Fig. 9 . It is this dramatic shortening of the distance between the planes that results in the 7.8% contraction of the molecular volume over the transition (between 3.22 and 3.30 GPa). Our measurements on the γ-phase were limited to a pressure of 3.33 GPa and so it is not possible to determine whether this is the same phase identified by Zhu et al. on compression at ambient temperature at 17.3 GPa, and which the authors also denoted as γ-NaN 3 [30] . On the one hand, it could be that with sufficient pressure alone the γ-phase can be obtained. However, based on the complexity of the diffraction pattern obtained at 17.3 GPa, the authors suggest a lower symmetry structure compared to the α-phase, which would of course not be compatible with the I4/mcm structure discovered in the current study. Furthermore, it was not possible to fit the peak positions in the pattern obtained at 17.3 GPa with the tetragonal unit cell obtained in the current study.
The significant amount of rearrangement in the structure (and the resultant dramatic reduction in molecular volume) explains the sluggish nature of the transition. Furthermore it suggests that the γ-form may display significant hysteresis upon cooling and subsequent decompression and may therefore be recoverable to ambient conditions. It was for this reason that we carefully monitored the cooling of γ-NaN 3 to ambient temperature (at constant load of 51 tns) as well as its decompression, in order to determine the conditions under which it may undergo a phase transition, most likely to the α-form.
Cooling from 393 K to 313 K (sample pressure decreased from 3.51 to 3.27 GPa) did not result in any phase transition -the unit cell parameters are tabulated below (Table 2 ) -and so allows direct comparison between the α-form obtained in the ambient temperature compression study above and the γ-form in the present study. The molecular volume of the α-form at 3.29 GPa (293 K) is 102.909(7) Å 3 , compared to 93.889(17) Å 3 obtained for the γ-form at 3.27 GPa (313 K). This clearly shows that the γ-form is the denser form (by 8.8%).
It was only upon decompression that the first indications of a phase transition were observed -the pattern collected at 2.47 GPa (300 K) was successfully refined as a mixture of the α-and γ-forms. This suggests that the maximum positive slope for the α-γ transformation line is +9.25 × 10 À3 GPa K À1 . If extrapolated to 290 K, then the equilibrium pressure for the α ! γ transition should be +2.38 GPa. Hence the persistence of the α-form to 6.06 GPa in this study and to 17.3 GPa in the study by Zhu et al. [30] highlights the remarkable degree of metastability exhibited by the α-form at ambient temperature. Further decompression to 1.32 GPa resulted in a clean pattern of the α-form, which remained upon decompression to atmospheric pressure. These patterns, however, showed significant peak broadening when Fig. 9 : Comparison of the structures at 393 K of (a) α-NaN 3 at 3.22 GPa, and (b) γ-NaN 3 at 3.30 GPa. The structures have been oriented such that the rotation of all of the azide anions over the phase transition is highlighted. Fig. 10 : Comparison of the neutron powder diffraction patterns collected for α-NaN 3 before the high-pressure/high-temperature phase transition to the γ-form (bottom) and after decompression and cooling (top). The peak broadening in the recovered pattern is clear evidence of significant strain within the sample following the γ ! α transition.
compared to the lowest pressure pattern obtained for the same form during compression (shown in Fig. 10 ). Although the shorter data collection time for the recovered form has certainly resulted in a lower signal-tonoise ratio, this would be not be expected to have an effect on the observed peak-widths. Peak broadening in this case is therefore indicative of significant strain within the sample, arising from the considerable re-arrangement required during the γ ! α transition.
Sodium bifluoride
By applying load to the Paris-Edinburgh cell in very small increments, it was possible to obtain high-quality diffraction data on the rhombohedral form up to a maximum pressure of 0.51 GPa, as shown in Fig. 11 and Table 3. Full-profile Rietveld refinement of the neutron powder diffraction patterns collected for this phase demonstrated that form I undergoes a rather surprising compression mechanism. Rather than compression being manifested in a reduction of the long axis (in fact, within the limits of statistical significance the c-axis does not shorten), it is the ab-plane that undergoes the most significant contraction. While it is difficult to rationalise this marked anisotropy, this observation is in accordance with previous compression studies [51] . It is clear that the shortening of the a-axis results in a strengthening of the interactions between each cation and the fluorine termini of its six nearest neighbouring anions (arranged in a trigonal prism). Along the c-axis, however, as noted by Christy et al. the anions may act as rigid braces [51] -we do not observe any significant shortening of the D-F distances within the anion, nor is there any evidence to sugTab. 2: Unit cell parameters obtained for NaN 3 throughout the variable temperature and pressure neutron powder diffraction study. The pattern collected at 300 K and 2.47 GPa was successfully refined as a mixed phase of both the α-and γ-forms; structural data for both forms is presented under these conditions in the unit cell parameters of α-NaN 3 with pressure. Tab. 3. Summary of the unit cell data obtained during compression of NaDF 2 -I. In order to facilitate comparison with the higher-pressure forms, the molecular volume (V mol ) has also been presented. gest a reduction in space group symmetry indicative of a rotation of the bifluoride ions away from the c-axis, as shown in Fig. 12 .
At the next pressure point (0.66 GPa), however, a significant change in the neutron powder diffraction pattern was observed, indicative of a phase transition to NaDF 2 -II. This transition pressure (i.e. between 0.51 and 0.66 GPa) is intermediate to those reported by Bradley et al. [26] and Pistorius [31] , but is in close agreement with the spectroscopic analysis of Christy et al. [51] . However, it is important to note that we do not observe any diffraction peaks attributable to NaDF 2 -I above this transition pressure. Since the pressure-transmitting medium used in this study (4 : 1 MeOD : EtOD) ensured that hydrostaticity was maintained throughout, one may conclude that the reported persistence of this form to 1.8 GPa was directly related to inhomogeneous stresses and strains within the sample resulting from the selection of Nujol as a 'quasihydrostatic pressure medium'. Furthermore, it has been possible to perform fullprofile Rietveld refinements on the diffraction patterns collected for this form using an orthorhombic marcasitelike (Pnnm) structure [65] , which is closely related to the monoclinic form (P2/m) suggested by Christy et al. [51] .
As shown in Fig. 13 , the entire diffraction profile in the present study may be suitably modelled using the Pnnm structure and, in fact, the introduction of a monoclinic distortion introduces significant intensity mismatches throughout the pattern. Table 4 gives the fractional coordinates for NaDF 2 -I and NaDF 2 -II.
Comparison of the Pnnm structure adopted at 0.66 GPa with that of NaDF 2 -I (see Fig. 14) highlights the dramatic rearrangement that must occur over this phase transition. While the rhombohedral form I may be best described as a layered structure with alternating layers of cations and anions, in form II these layers have become interlocked. This results in a considerable shortening of the cation separation (from 4.990(3) Å to 4.000(5) Å) and a rotation of the anions so that they lie at 45°to the orthorhombic c-axis. It is also evident that in the orthorhombic phase there now arises a differentiation between two sets of Na … F interactions: intraplanar interactions (2.313(4) Å) between each cation and its four nearest neighbouring anions; and, interplanar interactions (2.297(6) Å) with a further two bifluoride ions. Consequently, one observes a change in the sodium co-ordination environment from a trigonal prism in the rhombohedral form to a distorted octahedron in NaHF 2 -II. It is therefore not surprising that the phase transition is first order, with a volume decrease of ca. 6% -this is in good agreement with the volumetric data reported by Pistorius [31] .
It is interesting to note that there is very little change in the co-ordination environment of the bifluoride anions over the transition. Moreover, there is no increase in the number of anions in the asymmetric unit. Therefore we cannot reconcile the current structural model with the spectroscopic observations of Christy et al. [51] , who report an abrupt decrease in the symmetric F-H-F stretching frequency, coupled with a splitting of this mode, over the transition. This significant difference in the compression studies further emphasises the dramatic effect that non-hydrostatic conditions may have in altering highpressure phase behaviour [66] [67] [68] . The neutron powder diffraction patterns collected during compression of NaDF 2 -II (up to a maximum pressure of 4.25 GPa) were successfully refined using the Pnnm structural model. A summary of the crystallographic information obtained during compression is shown in Table 5 and Fig. 15 . The c-axis has been shown to be the most compressible in this form and this can be rationalised in terms of a preferred contraction of the interplanar separation. Compressibility parallel to the abplane is restricted because the bifluoride ions do not rotate out of this plane -any rotation of the ions remains within the plane.
Upon compression to 4.27 GPa, new peaks appeared in the diffraction pattern that could not be attributed to the orthorhombic form, although the majority of the pattern bore considerable resemblance to those collected for NaDF 2 -II. Further compression to 4.36 GPa led to these new peaks gaining intensity and at 4.58 GPa a clean diffraction pattern of NaDF 2 -III was obtained (Fig. 11 ). The quality of the diffraction pattern collected at this pres- parameters (a, b, c, V) of NaDF 2 -II. It should be noted that the data points collected at 4.27 and 4.36 GPa were derived from a mixed phase and the standard errors of these are larger (ca 0.1%). Changes in the relative compression of the unit cell axes at these pressures, therefore, is not believed to be significant. In addition to the data obtained during compression, those collected during decompression of NaDF 2 -II are presented; these are shown as open symbols.
sure was sufficient to allow indexing to a tetragonal unit cell. In order to confirm the I4/mcm structure, we performed full-profile Rietveld refinement on this pattern, approximating the initial atomic co-ordinates based on the structure of KHF 2 (see Table 4 ). The quality of the fit to the diffraction data using this structural model (see Fig. 16 ) proves conclusively that NaDF 2 -III does in fact adopt the archetypal structure shared by the larger alkali metal bifluorides and by γ-NaN 3 .
The sluggish nature of the II/III transition suggests that the sample must undergo considerable structural rearrangement at this pressure, evident from a comparison of the structures immediately before and after the transition, see Fig. 17 . While a cursory examination of the structures suggests that only a very subtle rotation of half of the anions is required, this belies the wholesale re-organisation of the ions over this transition. For example, the ionic arrangement in form III leads to a much more efficient packing of the sodium cations, as illustrated by the Na…Na polyhedra in Fig. 17 . It is interesting to note that this re-arrangement leads to a slight lengthening of bonded Na-F distances, from 2.232(5) Å Tab. 5. Summary of the unit cell data obtained from the Rietveld refinements of the neutron powder diffraction patterns collected for NaDF2-II. and 2.251(7) Å in NaDF 2 -II (4.25 GPa) to 2.362(4) Å at 4.58 GPa. However, this is compensated by the much more favourable anion-anion interactions since the electronegative fluorine atoms of each DF À 2 unit is oriented directly at the electropositive deuterium of its nearest neighbour. The most important aspect of this structural modification, however, is the increase in the co-ordination number of each cation from six in forms I and II to eight in form III. The large reduction in volume (+10%; Fig. 18 ) also explains the disproportionately large load that was required to increase sample pressure sufficiently to drive the II/III phase transition to completion.
In order to verify the selection of the I4/mcm structure, we also performed Rietveld refinements using the P4/ncc structure proposed by Christy et al. [51] using coordinates corresponding to the I4/mcm structure, but with arbitrary displacements applied to unconstrained coordinates. Subsequent refinement of the atomic positions resulted in convergence to the I4/mcm structure.
A summary of the unit cell parameters obtained by Rietveld refinement of the patterns collected during compression (and decompression) of NaDF 2 -III is presented in Table 6 and the plot of the relative contraction of the unit cell axes is shown in Fig. 19 . As one might expect, Tab. 6. The unit cell parameters obtained during compression of NaDF 2 -III, including two datasets for which it was necessary to include both the tetragonal and the orthorhombic phases in the refinement. Data collected during the subsequent decompression are also presented. It should be noted that an additional peak was observed in the higher-pressure diffraction patterns ca. 2.2 Å, which has been successfully modelled by the inclusion of a small fraction of NaF (Fmmm) [69] as an impurity. It is likely that a small quantity of NaF was formed as a by-product of the synthesis of NaDF 2 and, despite its limited solubility in methanol and ethanol, we suggest that dissolution of the small quantities present in the pressure medium meant that this was not observed in the diffraction patterns collected at lower pressures. It was only upon compression to 4.58 GPa that pressureinduced precipitation led to the characteristic NaF diffraction pattern being observed. Therefore high-quality diffraction patterns were collected during the decompression of NaDF 2 -III in order to discover whether this impurity would disappear below this pressure and this was indeed observed. It is also important to note that the P4/ ncc structure does not adequately model this extraneous peak and we can therefore be confident that this is not a 'superlattice' peak indicative of a unit cell-doubling. A further important feature of this decompression was the significant hysteresis that is observed between forms III and II. The tetragonal form remains stable during decompression to 2.79 GPa, or 1.5 GPa below the transition pressure on compression. This is further evidence of the significant kinetic barrier to this transition, a result of the considerable structural rearrangement that is required. It was only at the next pressure point (2.30 GPa) that a pure sample of phase II was obtained; this phase remained stable during the rest of the decompression study. Unfortunately experimental time constraints meant that it was not possible to obtain diffraction data below 0.59 GPa (i.e. above the I/II transition pressure) and so it is not possible to comment on the recoverability of this phase to atmospheric pressure.
Conclusions
This study of both sodium azide and sodium bifluoride was performed not only to provide invaluable information on the high-pressure behaviour of these materials in isolation, but also to present a comparative study of the effects of non-ambient conditions on compounds that are widely regarded as structural analogues. It is hoped that the structural characterization of these compounds at elevated temperatures and pressures will provide an insight into the compression behaviour of the wider family of compounds with spherical cations and rod-like anions.
Such information is of importance to theoreticians who seek to model the effects of extreme conditions on a range of ionic materials or high-energy processes such as explosive decomposition. Of particular importance is the correlation of the electronic structures of simple azides with their explosive behaviour [1, 3] . The dependence of impact sensitivity on crystal structure has also been explored for selected metal azides [70] . A linear correlation between impact sensitivity and the minimum non-bonded N … N distance was reported. Although this model is appealing, primarily in its simplicity, the authors admit that no account has been made for thermochemistry, particularly the enthalpies of formation, or for the effects of other stimuli such as heat, static shock or friction. As has been demonstrated in this and previous studies, the effects of extreme conditions on the crystal structures of energetic materials can be dramatic, and often induce phase transitions [71] [72] [73] . It is therefore essential to obtain structural information on such materials at a range of temperatures and pressures. For example, the shortest non-bonded N … N distance in γ-NaN 3 , is ca. 2.8 Å compared to 3.6 Å in the α-form (at comparable temperature and pressure). Such a sizeable difference in these values might suggest that the correlation suggested in reference [70] would no longer be valid if the high-pressure, high-temperature γ-structure were to be considered.
In addition to the dramatic changes in the N … N intermolecular interactions, the α ! γ transition has been observed to cause an increase in the co-ordination number of sodium from six to eight. In this way, the application of pressure may be regarded as being analogous to moving down a group in the periodic table by forcing the sodium salt to adopt the structures observed for the larger alkali metal azides (KN 3 , RbN 3 , CsN 3 ). It would therefore seem reasonable to expect that LiN 3 might also transform under elevated pressures and temperatures to the archetypal CsN 3 -II structure. Based on the systematic variations in the transition pressure of the Group 1 chlorides from the NaCl-type structure to CsCl-type structure with cation size [74, 75] , one would anticipate higher transition pressure for LiN 3 than for NaN 3 .
The co-ordination number of sodium also increases on compression of NaDF 2 -I and NaDF 2 -II to give NaDF 2 -III. The II-III transition is also sluggish, similar to the α ! γ transition in NaN 3 , as a consequence of the significant structural rearrangement. For NaN 3 , no evidence was found in the current study for an analogue of the intermediate orthorhombic NaDF 2 -II, but there is no obvious reason why such a form could not exist. Indeed, it may be that one of the two high-pressure phases identified by Zhu et al. [30] could be a possible candidate.
It worth revisiting Pistorius' suggestion that 'NaHF 2 -II and NaN 3 -III (the γ-form) are isostructural… (and) cannot have the tetragonal KN 3 structure' [31] and Hamann's suggestion that NaHF 2 -III is unlike KHF 2 [50] . By performing this neutron powder diffraction study we have demonstrated that: (i) NaDF 2 -II and γ-NaN 3 are distinct; (ii) γ-NaN 3 does have the I4/mcm structure of KN 3 ; and (iii) NaDF 2 -III also adopts this structure, a feature it shares with KHF 2 . One would therefore suggest that only by performing diffraction studies such as these can highpressure polymorphism be unequivocally resolved. Moreover, by ensuring that hydrostaticity has been maintained throughout this study we can exclude the possible effects of anisotropic stresses and strains on the highpressure behaviour of sodium azide and sodium bifluoride. We have attributed the disparity between the results of Christy et al. [51] and those reported herein to the selection of non-hydrostatic conditions employed in the former, stemming from the selection of Nujol as the pressure-transmitting medium. This illustrates the importance of the selection of an appropriate pressure medium based on not only the material under investigation, but also the desired pressure regime. This has particular implications for theoretical studies since only isotropic stress (i.e. hydrostatic pressure) is a thermodynamic variable. It seems unlikely that the differences between the current study and previous compression studies can be attributed to sample deuteration. Although deuteration has been observed to affect the hydrogen bonding within the bifluoride units [41] , it is not expected this to alter dramatically the inter-ionic F ... Na interactions. It is the latter interactions that dominate in the crystal packing of all of the forms characterized in this study, as well as in those proposed previously [51] . In fact, it should be underlined that the original motivation for this study of sodium bifluoride was the distinctly unfavourable F ... F interactions that would be observed in the P4/ncc structure.
